that of the nonenriched euploid group, while the effect on SVZ neurogenesis was reduced and seen only after prolonged exposure. These results clearly indicate that in a comprehensive stimulatory environment, the postnatal DS brain has the intrinsic capability of improving neurogenesis and gliogenesis to the levels of normal matched controls and that this cellular response underlies the cognitive improvement seen following behavioral therapies.
Introduction
Down syndrome (DS), caused by the triplication of human chromosome 21, occurs in 1 of 732 live births and is therefore the most frequent genetic cause of mental retardation. Although the etiology of the cognitive deficits is not well understood, both prenatal and postnatal abnormalities have been found in the DS central nervous system. Studies on the DS brain indicate that defects beginning prenatally in the DS brain persist after birth and that most of the neuropathological changes may be due to changes in neural stem and precursor cell proliferation [1, 2] . This stem cell defect impacts on DS brain growth and function which results in significant delays in reaching developmental milestones, intellectual disability and sensorimotor deficits.
Investigation of central nervous system abnormalities and cognitive dysfunction in DS has been greatly facilitated by the development of the Ts65Dn mouse model, which is segmentally trisomic for 136 of the 384 genes present on human chromosome 21 [3, 4] . Ts65Dn mice have many neurologic similarities to human DS including defects in cell proliferation and neurogenesis in the hippocampus and cerebellum [5] [6] [7] as well as learning and memory deficits [8] [9] [10] . Importantly, recent studies demonstrated a decreased neural stem cell proliferation rate and reduced neurogenesis during Ts65Dn forebrain development [11] . These defects alter the tempo of synapse formation and synaptic plasticity in Ts65Dn brain [12] [13] [14] [15] , and are thought to be the basis for the cognitive deficits in this mouse. Therefore, it is likely that restoration of proper levels of neurogenesis would improve cognitive ability in Ts65Dn mice as well as DS individuals. In fact, chronic treatments with antidepressants like fluoxetine and lithium have been shown to increase neurogenesis in the postnatal germinal zones of Ts65Dn mice [16, 17] . Recently, Bianchi et al. [18] reported that fluoxetine treatment in Ts65Dn mice improves cognitive ability. Although these medications are commonly prescribed, studies have shown that fluoxetine can increase the risk of suicidal thinking/behavior [19] and that lithium can be toxic to the renal system [20] . Therefore, the potential risk of these treatments on patients with DS may outweigh the clinical benefit.
Presently, the only efficacious method for cognitive and behavioral improvement in children with DS and other intellectual disabilities is an educational plan that fosters individualized and group enrichment [21] . Early interventions stimulate various cognitive, social and sensorimotor functioning in DS individuals [22, 23] . Similar to these interventional human therapies, environmental enrichment has a stimulatory effect in rodents. Previous studies in animal models have demonstrated that environmental enrichment can increase several morphological [24, 25] , neurochemical [26, 27] and behavioral aspects of brain function [28, 29] . The underlying mechanism for these activity-dependent improvements is unclear, but environmental enrichment paradigms and physical activities have been shown to enhance adult hippocampal neurogenesis and learning ability in rodents [29] [30] [31] [32] [33] .
The effect of environmental enrichment in the Ts65Dn mouse is not widely studied, and it is unclear whether it is possible to improve the impaired postnatal neurogenesis which results from the underlying cellular and physiological defects. However, a differential effect of enriched environment on cognitive abilities between male and female Ts65Dn mice has been reported, where the females outperform males in specific learning and memory tasks [34, 35] . To date, the underlying mechanism(s) mediating these behavioral changes in Ts65Dn mice has/have not been elucidated. In particular, no studies have established whether environmental enrichment alters proliferation, neurogenesis and/or gliogenesis in the germinal zones of the postnatal Ts65Dn brain. Moreover, the potential differences in neuro-and/or gliogenesis between the sexes have not been addressed. Our goal was to understand the effect of enrichment and physical exercise at the cellular level to enable tailoring of the sensorimotor, cognitive and social interventional therapies to maximize benefits. Here, we determined the effect of early environmental enrichment on cell proliferation, neurogenesis and gliogenesis in the postnatal brain of both male and female Ts65Dn mice. We began the enrichment at an early time point [postnatal day 18 (P18)] corresponding to the developmental stage at which DS individuals start receiving interventional therapies.
Animals and Methods

Animals
Ts65Dn and euploid animals were generated by repeated backcross of Ts65Dn females to C57BL/6JEi ! C3H/HeSnJ (B6EiC3) F1 hybrid males. The parental generation was obtained from the Jackson Laboratory (Bar Harbor, Me., USA). Tail tips were collected from all animals and genomic DNA was extracted for quantitative PCR genotyping as previously described [11] .
Housing and Enrichment Conditions
The experimental design consisted of four groups of male and four groups of female mice. At P18, the male and female euploid and Ts65Dn mice were reared separately under either nonenriched (NE) or enriched (EE) conditions (euploid NE; euploid EE; Ts65Dn NE; Ts65Dn EE). The animals were subjected to enrichment for either 12 (P18-P30) or 27 (P18-P45) continuous days. NE mice were housed 3-4 per cage of a dimension of 29 ! 18 ! 12.5 cm (L ! W ! H) and the same number of EE mice were housed in a rodent colony cage of a dimension of 46 ! 24 ! 15.5 cm (L ! W ! H). In addition to the increased size, the EE cage was equipped with a running wheel, a rearrangeable set of plastic tubes of different textures and sizes and various toys (online suppl. fig. 1A ; for all online suppl. material, see www. karger.com/doi/10.1159/000329423). Objects in the EE cage were changed every 5 days and rearranged to maintain novelty. All the groups received food and water ad libitum and were kept in a 12-hour light/12-hour dark cycle. All animal experiments were conducted in accordance with NIH guidelines and reviewed and approved by the institutional committee.
BrdU Injection and Tissue Processing
5-Bromo-2 -deoxyuridine (BrdU; Sigma) was dissolved in 0.9% NaCl and filtered. The animals in each group received a single intraperitoneal injection of 50 mg/kg body weight for the last 6 consecutive days of their enrichment and/or nonenrichment (online suppl. fig. 1B ). All the animals were sacrificed 24 h after the last injection. The animals were anesthetized with an intraperitoneal injection of 10 l/g body weight ketamine/xylazine cocktail (100 mg ketamine and 10 mg xylazine in 10 ml sterile saline) and perfused intracardially with 1 M phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde (PFA). The brains were removed from the skulls and postfixed in PFA overnight at 4 ° C. Fixed brains were cryoprotected overnight by immersion in 30% sucrose in PBS at 4 ° C. All samples were embedded in Tissue-Tek OCT compound (Sakura Finetek Inc., Torrance, Calif., USA), frozen on dry ice and sectioned coronally at 20-m thickness on a cryostat (HE505E; Microm).
Immunofluorescence
The sections were washed with PBS three times, blocked with 5% normal goat serum in PBS and 0.3% Triton X-100 for 30 min, and then incubated in primary antibodies overnight at 4 ° C. After three washes in PBS, sections were incubated with secondary antibody for 1 h at room temperature, rinsed and mounted with Vectashield (Vector Laboratories, Burlingame, Calif., USA). The primary antibodies used were rat anti-BrdU (1: 200; Abcam, Cambridge, Mass., USA), rabbit anti-Ki67 (1: 500; Novacastra, Norwell, Mass., USA), NG2 chondroitin sulfate proteoglycan (1: 500; Chemicon, Temecula, Calif., USA) and doublecortin (Dcx, 1: 500; Abcam), mouse anti-NeuN (1: 500; Chemicon) and S100 ␤ (1: 500; Abcam). The secondary antibodies used were AlexaFluor-488-, AlexaFluor-546-and AlexaFluor-633-conjugated goat anti-rabbit, anti-rat, or anti-mouse IgG (1: 200; Invitrogen, Carlsbad, Calif., USA). To double or triple stain the sections with BrdU, the immunolabeled sections were fixed in PFA for 2 h at 4 ° C. The sections were then washed with PBS for three times and treated with 2 N HCl for 30 min at room temperature. After a wash with PBS, the sections were treated with 0.1 M boric acid for 15 min at room temperature, rinsed again in PBS, blocked and incubated with primary and secondary antibodies to BrdU as described above.
Image Analysis
All fluorescent images were taken on a LSM confocal microscope (Carl Zeiss Inc., Germany) with sequential scanning mode using ! 10, ! 20 or ! 40 objectives. Immunolabeled cells in the entire dentate gyrus (DG) and anterior subventricular zone (aSVZ) were counted every tenth section of 20 m each (every 200 m) in all animals using LSM 510 software packages. Total number of BrdU+, BrdU+NeuN+, BrdU+Dcx+, BrdU+S100 ␤ + and BrdU+NG2+ cells were counted along the entire volume of DG or aSVZ (online suppl. tables 1 and 2). Briefly, each cell was analyzed in its entire z-axis in order to exclude false double-labeling due to an overlay of signals from different cells. The total number of cells was estimated by multiplying the number counted in the series of sampled sections by the inverse of the section sampling fraction (SSF = 1/10). In addition, the rate of neuron formation was determined by dividing the number of BrdU+NeuN+ or BrdU+Dcx+ cells by the number of BrdU+ cells within each individual group. Similar analysis was performed for the BrdU+S100 ␤ + and BrdU+NG2+ cells to express the rate of gliogenesis.
Statistical Analysis
Data are presented as mean 8 SEM. All data were analyzed in GraphPad Prism 5 software using two-way ANOVA with treatment (NE, EE) and genotype (euploid, Ts65Dn) as factors, followed by post hoc testing using the Bonferroni method. Unpaired Student's t tests were also used to assess differences between agematched cohorts for a single time point. A probability level of p ! 0.05 was considered to be statistically significant.
Results
Effect of Enriched Environment on Ts65Dn Mice Body Weight
To determine the general effect of environmental enrichment on Ts65Dn animals, we measured the change in body weight of the euploid and Ts65Dn mice during the process of enrichment. Similar measurements were taken for NE mice of the same age. We found that at P18, the average body weight of euploid and Ts65Dn animals was similar. Enrichment for 12 days (P18-P30) caused a 20 and 25% weight gain in male euploid and Ts65Dn animals, respectively, when compared to the age-and sex-matched corresponding NE groups ( table 1 ) . Similarly, a longer period of enrichment (P18-P45) caused a 16 and 29% weight gain in male euploid and Ts65Dn animals, respectively ( table 1 ) . On the contrary, the EE female mice showed no difference in weight gain when compared to their NE groups ( table 1 ) . These results indicate that environmental enrichment and wheel running specifically increased the body weight of male mice, irrespective of their genotype, which may result from increased muscle mass [36, 37] . Although some previous studies have reported that EE mice had lighter body weights, the variation in our results suggests that strain, sex and age differences may be contributing factors [38] .
Environmental Enrichment Increases Cell Proliferation in Ts65Dn Hippocampus
The DG of the hippocampus is one of the two neurogenic zones of the postnatal brain. Previous studies have shown that hippocampal cell proliferation and neurogenesis is impaired in Ts65Dn mice [1, 17] . To understand how voluntary physical activity and enriched environment influence the generation of new neurons in the Ts65Dn DG and to determine whether these stim- uli have any differential effect on male and female mice, we compared the proliferation and phenotype of the hippocampal progenitor cells in NE and EE groups of both male and female mice. We administered BrdU daily on the last 6 days of enrichment as previously reported [16, 17, 39] .
Proliferation was assessed by measuring the number of BrdU-labeled cells in the entire volume of DG. After 6 daily BrdU injections in the NE conditions, we found a large number of BrdU+ cells in the DG ( fig. 1 , online suppl. fig. 2 ). In a standard living condition, both male and female Ts65Dn mice had less BrdU+ cells (-32 and -29%, respectively, at P30, and -42 and -40%, respectively, at P45) in the DG compared to age-matched euploid mice ( fig. 1 a-c) . Two-way ANOVA for the shortterm (12 days) EE groups revealed a genotype effect for Dat a represent mean 8 SD. * p < 0.04, significantly different from NE groups. Effect of environmental enrichment and physical exercise on gliogenesis in the DG of euploid and Ts65Dn mice. a Representative sections immunostained for BrdU and S100 ␤ from brains of P30 male mice with (EE) and without enrichment (NE). BrdU+S100 ␤ + cells represent the number of glial cells formed during the last 6 days of the EE or NE condition. b Number of BrdU+S100 ␤ + cells (expressed as percent of euploid-NE) in the DG of male euploid and Ts65Dn mice subjected to non-enriched and enriched environment for short-(P18-P30) and long-term (P18-P45) periods. c Number of BrdU+S100 ␤ + cells (expressed as percent of euploid-NE) in the DG of female euploid and Ts65Dn mice subjected to non-enriched and enriched environments for short-and long-term periods. A similar effect was found for the long-term (4 weeks) EE groups of mice. In addition, for both time periods, enrichment markedly increased the number of BrdU-labeled cells in male euploid (+38 and +53%, respectively) and Ts65Dn (+27 and +55%, respectively) DG ( fig. 1 b) . Interestingly, although male EE Ts65Dn mice had less BrdU-labeled cells than EE euploid mice, exposure to the enriched environment increased proliferation in EE Ts65Dn hippocampus to equal the level found in the NE euploid controls ( fig. 1 b) . A similar effect of enrichment on the number of BrdU-labeled cells was observed in the DG of female euploid and Ts65Dn mice ( fig. 1 c) . To determine the effect of enrichment on the size of the total proliferating population, we estimated the total number of the actively dividing cell population in DG by using Ki67 immunohistochemistry [40, 41] . We found that the male Ts65Dn DG normally has a smaller pool of Ki67+ cells (-21% at P30 and -41% at P45) compared to the male euploid mice (online suppl. fig. 3 ). fig. 3 ). Taken together, these results indicate that both short-and long-term enriched environment together with physical exercise completely restore proliferation in the Ts65Dn DG to the control euploid level, and that the effect is comparable between male and female mice.
Effect of Enrichment on Neurogenesis and Gliogenesis in Ts65Dn Hippocampus
To determine the neuronal or glial phenotype of the cells in the DG formed during the last 6 days of enrichment, we measured the number of cells colabeled with BrdU and NeuN for new neurons, and cells colabeled with BrdU and either S100 ␤ (marker for both astrocytes and oligodendrocytes) or NG2 (marker for early oligodendrocyte progenitor cells) for glia [42, 43] . We found more BrdU+NeuN+ than BrdU+S100 ␤ + cells in the DG of all groups of mice (online suppl. fig. 4 and 5) . Moreover, the NE male and female Ts65Dn DG had fewer BrdU+NeuN+ cells (-38 and -40%, respectively, at P30 and -47 and -44%, respectively, at P45) compared to that of the age-and sex-matched NE euploid mice ( fig. 2 a-c) , indicating reduced neurogenesis in Ts65Dn DG under standard living conditions. A combination of enriched environment and wheel running increased the number of BrdU+NeuN+ cells by 44% in both euploid and Ts65Dn male mice in the short-term condition compared to the NE groups of mice ( fig. 2 b) . Statistical analysis for this age group of male mice revealed effects of both genotype [F(1, 12) = 35.26; p ! 0.0001] and treatment [F(1, 12) = 21.59; p = 0.0006] with no genotype ! enrichment interaction indicating overall differences in the number of newly generated neurons between the EE and NE groups of mice. Long-term enrichment had a similar effect on the number of neurons formed in the DG of male mice ( fig. 2 b) . Comparable effects of short-and long-term enriched environment on neuron formation were also observed in the DG of female mice ( fig. 2 c) . In addition, comparison of both male and female EE Ts65Dn mice and NE euploid mice showed no difference in the number of BrdU+NeuN+ cells ( fig. 2 b, c) , indicating that environmental enrichment rescued the neurogenesis defect in the DG of Ts65Dn mice.
Short-term enrichment had no significant effect on the number of BrdU+S100 ␤ + cells in DG irrespective of the sex and genotypes of the mice, whereas long-term enrichment resulted in a significant effect of genotype fig. 3 a-c) . In addition, both shortand long-term enrichment resulted in a significant increase in the co-labeling of BrdU with the oligodendrocyte progenitor cell marker NG2 in both male and female euploid mice ( fig. 3 d-f ). These results suggest that enrichment and physical exercise promote a gliogenic response in the DG of the hippocampus of euploid mice, while the gliogenesis in Ts65Dn mice remains unresponsive to the enriched environment. Finally, the unaltered rates of neurogenesis and gliogenesis by environmental enrichment (online suppl. fig. 4B, C , 5B, C) can be explained by the presence of more BrdU+ proliferating cells under the EE condition. 
Environmental Enrichment Increases Cell Proliferation in Ts65Dn SVZ
Similar to the DG, the SVZ of the postnatal mammalian brain is also a major neurogenic niche. A recent study reported reduced cell proliferation and neurogenesis in the SVZ of Ts65Dn mice [16] . To determine if the combination of enriched environment and voluntary physical activity has any effect on the generation of new neurons in Ts65Dn SVZ, we examined the proliferation of the progenitor cells and their phenotype in the aSVZ with similar methods as in the hippocampus.
Quantification of the number of BrdU+ cells showed that under standard living conditions, male and female Ts65Dn mice had less BrdU+ cells (-27 and -28%, respectively, at P30, and -37 and -38%, respectively, at P45) in the aSVZ compared to the age-and sex-matched euploid littermate mice ( fig. 4 a-c) . Unlike DG, we also found that the number of BrdU+ cells in the aSVZ of either euploid or Ts65Dn male and female mice was not affected by short-term enrichment ( fig. 4 b, c) fig. 4 a, b) . A similar effect of enrichment on the number of BrdU-labeled cells was observed in the aSVZ of female euploid and Ts65Dn mice ( fig. 4 c) . Moreover, after long-term environmental enrichment, the number of BrdU+ cells was comparable between EE female Ts65Dn mice and NE female euploid mice ( fig. 4 c) , indicating that the proliferation deficit is restored in female Ts65Dn mice after 4 weeks of stimulated environment. However, unlike females, the male Ts65Dn mice lacked a robust response in the aSVZ following the longterm EE condition since significantly fewer (-16%) BrdU+ cells were found compared to the NE euploid mice ( fig. 4 b) .
To determine the effect of enrichment on the size of the total proliferating population in aSVZ, we measured the number of Ki67+ cells in male mice. We found fewer Ki67+ cells in Ts65Dn than in euploid mice (online suppl. fig. 3 ). Statistical analysis determined that although longterm enrichment increased the number of Ki67+ cells in both euploid and Ts65Dn aSVZ, a comparison of EE Ts65Dn mice with NE euploid mice showed a lasting and significant decrease in the Ts65Dn brain (online suppl. fig. 3 ). Taken together these results suggest that 4 weeks of enriched environment restores proliferation in female Ts65Dn SVZ to control level, while the SVZ cells of male Ts65Dn mice are not as responsive to the stimuli.
Effect of Environmental Enrichment on Neurogenesis and Gliogenesis in Ts65Dn SVZ
To determine if the increase in SVZ proliferation due to environmental enrichment has any effect on new neuron formation, we estimated the number of BrdU and Dcx double-positive cells in the aSVZ. Unlike DG, NeuN+ mature neurons are not found in the SVZ; only Dcx+ immature neurons can be detected. Previous studies have shown that voluntary physical exercise has a stimulatory effect on the Dcx population of cells in the hippocampus [44, 45] . No studies to date have assessed the effect of environmental enrichment on Dcx expression in the SVZ. In this study, we found that both male and female NE Ts65Dn mice had fewer BrdU+Dcx+ cells (-33 and -29% at P30, and -41 and -40% at P45, respectively) in the aSVZ compared to NE euploid mice ( fig. 5 ; online suppl. fig. 6 ). Twoway ANOVA for long-term enrichment displayed a genotype effect for both male [F(1, 12) = 38.58; p ! 0.0001] and female [F(1, 16) = 66.77; p ! 0.0001], as well as an effect of enrichment on male [F(1, 12) = 17.75; p = 0.0012] and female [F(1, 16) = 30.58; p ! 0.0001] with no genotype ! enrichment interaction indicating overall differences in the number of BrdU+Dcx+ cells between the EE and NE groups of mice. Post hoc tests revealed that enrichment for 4 weeks increased the number of newly generated neurons in both euploid (+30% in male and +34% in female) and Ts65Dn (+38% in male and 45% in female) mice ( fig. 5 b,  c) . Furthermore, comparison of long-term EE Ts65Dn mice and NE euploid mice showed a restoration in the number of BrdU+Dcx+ cells in Ts65Dn females, but it revealed 18% fewer BrdU+Dcx+ cells in EE Ts65Dn males than NE euploids ( fig. 5 b, c) , indicating that 4 weeks of To evaluate whether environmental enrichment had any effect on gliogenesis in the aSVZ, we analyzed the number of cells co-expressing BrdU with either S100 ␤ or NG2. Unlike in the DG, we did not find co-expression of BrdU and S100 ␤ in cells in the aSVZ. Also, we found no difference between NE Ts65Dn and NE euploid mice in the number of BrdU+NG2+ cells in the aSVZ of either male or female mice ( fig. 5 d-f) . Short-and long-term enriched environment resulted in a significant effect of enrichment for both male [F(1, 12) = 16.33; p = 0.0016, for short term; F(1, 12) = 32.67; p ! 0.0001, for long term] and female [F(1, 12) = 7.73; p = 0.017, for short term; F(1, 12) = 20.25; p = 0.002, for long term], with no effect of genotype or genotype ! enrichment interaction ( fig. 5 d-f) , indicating that environmental enrichment affects gliogenesis in the SVZ of euploid and Ts65Dn mice to the same extent. Similar to the DG, environmental enrichment was found to have no significant effect on the rate of neurogenesis or gliogenesis in the aSVZ in all the groups (online suppl. fig. 6 ).
Discussion
This study demonstrates for the first time that sensorimotor environmental enrichment results in enhanced neural cell proliferation, as well as neurogenesis and gliogenesis in the germinal zones of the postnatal Ts65Dn mouse brain. The DG cells of both male and female Ts65Dn mice respond similarly to these stimulatory environments. We found that both short-term (P18-P30) and long-term (P18-P45) enrichment stimulated neurogenesis by enhancing progenitor proliferation in the hippocampus of euploid and Ts65Dn mice. However, only long-term enrichment has a stimulatory effect on gliogenesis in this region. Unlike in the DG, the neuronal progenitor cells in the aSVZ of female Ts65Dn mice responded to enriched environment earlier than the males. The effect of enrichment on gliogenesis in the aSVZ was similar in both sexes which occurred only after prolonged exposure to EE conditions. The clinical implications of these results are that similar cellular changes are likely occurring in the DS brain in response to early intervention, and that this may be more effective and safe than the use of medications [16, 17] .
Environmental enrichment is an experimental model which potentiates social interaction and sensorimotor stimulation in animals [46, 47] . As a result of living in these conditions compared to 'typical' rodent housing, the brain undergoes morphological and molecular changes. Previous studies have shown that enriched environment and physical activity consistently increased adult neurogenesis and restored memory functioning in normal as well as diseased mouse models [31, 39, 48, 49] . Improved cognitive ability under conditions that stimulate neurogenesis and synaptic plasticity, such as enrichment and running strongly imply that the newly formed neurons functionally integrate into the appropriate neural circuits to enhance cognitive function [30, 31, 46] . Early oligodendrocyte progenitor cell expansion is also known to occur after environmental enrichment; however, this effect has been shown in animal models of brain injury [50] . In our murine model of a genetic condition, the functional significance of increased gliogenesis after enrichment is unclear and is currently under investigation, but it may be that the newly formed cadre of neurons requires additional numbers of glial cells for functional maturation and maintenance.
Our novel results indicate the competent role of enriched environment and physical exercise in the regulation of postnatal neurogenesis and neuroplasticity in the DS brain, which may have a functional relevance. In fact, the more rapid and robust response of the hippocampus to environmental enrichment when compared to the SVZ strengthens the fact that these stimuli are beneficial in restoring hippocampus-dependent learning and memory function in Ts65Dn mice [35] . In addition, the delayed effect of enrichment and running on SVZ neurogenesis suggests that the generation of new neurons may be local and region-specific. Although a possible molecular mechanism underlying the cellular changes which result in impaired DS brain has recently been reported [51] , no commendable/beneficial therapeutic interventions are available to ameliorate the cognitive impairment. Our current study suggests that it is possible to restore proliferation, neurogenesis and gliogenesis in the hippocampus and SVZ of an animal model of DS by housing the animals in an enriched environment with voluntary physical exercise. Comparing our results from the shortand long-term exposures, our study strongly suggests a positive relationship between duration of enriched environment exposure and the magnitude of proliferation effects. This indicates that enrichment and cognitive/behavioral intervention programs can be tailored to have specific amounts of brain response. Further studies are now needed to determine whether these cellular changes from short-and long-term enrichment correlate with cognitive performance.
Environmental enrichment has been shown to increase memory and learning ability in female Ts65Dn mice, while male Ts65Dn mice have comparatively weaker performance [34] . However, here we show that there are only minimal gender differences, if any, in the effect of enrichment on neurogenesis and proliferation in the hippocampus of both euploid and Ts65Dn mice. This contradiction may be explained by the fact that Martinez-Cue et al. [34] only used enriched environment and no physical exercise. In our present study, enriched environment consisted of toys, tubes and a running wheel. It is assumed that these additional stimuli may affect different populations of precursor cells. For example, physical exercise stimulates neurogenesis by increasing the proliferation of type 2a progenitor cells [52] , while enrichment primarily supports neuronal survival [30] . Mirochnic et al. [53] have also shown that, under acute conditions, enrichment also induces proliferation of late progenitor cells like type 2b and type 3. In this study, we demonstrate that a combination of environmental enrichment and voluntary exercise is sufficient to cause a robust response in the neural precursor proliferation in postnatal male and female Ts65Dn mice. Therefore, it is likely that environmental enrichment and physical exercise together may increase cognitive ability in male Ts65Dn mice, which otherwise exhibit deteriorated cognitive function under standard enriched environment [34] . The distinctive early effect of enrichment and wheel running on female Ts65Dn SVZ proliferation and neurogenesis suggests a potential role of sex hormones such as estrogen on these cellular changes [54, 55] . In fact, in animal models of brain injury, it has been shown that there is a gender-based difference in the response of SVZ cells on proliferation after the injury [56] . Our results, therefore, reinforce the need to study the cellular and behavioral responses of treatment paradigms in both sexes in order to design specific interventional strategies.
DS is the most common genetic cause of intellectual disability today. With its high incidence and the increased societal integration of DS individuals, there is a need to implement programs to improve the cognitive abilities of DS individuals. Sensory, social and motor enrichment paradigms are possibly the best means to normalize cognitive function. The Ts65Dn mouse is an ideal model to investigate the relationship between enrichment and plasticity of the developing DS brain and to provide the basis for intervention tools to improve behavioral deficits of DS individuals.
